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Localizing Swallow floats during the July 1989 Experiment

G. C. Chen ,.d W. S. Hodgkiss

Marine Physical Laboratory
Scripps Institution of Oceanography

San Diego, CA 92152

ABSTRACT

Results from localizing Swallow floats using range data collected
during the 8-9 July 1989 experiment are presented herein. As part of the
Downslope Conversion experiment, the Swallow float deployment was
conducted near 340 50' N, 1220 20' W, about 150 km west, northwest of
Pt. Arguello, California. Three Swallow floats were deployed to the
ocean bottom and 9 freely drifting floats were ballasted to depths starting
at 600 m and spaced every 400 m, to 3800 m.

Two localization methods, least squares filter and Kalman filter,
were applied to the experiment data so that their results can be compared.
Due to the high process noise experienced by the freely drifting floats dur-
ing the experiment and the quasi vertical line array deployment geometry,
the two filters performs comparably. The rms position error is estimated
to be less than 3.3 m for the Kalman filter and less than 4.6 m for the least
squares filter. Both filters appear to be capable of estimating float posi-
tions to within the desired accuracy of one-tenth of a wavelength at the
highest frequency of interest 20 Hz (7.5 m) in order to effectively beam-
form the VLF acoustic data.
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1. Introduction

This report presents the results from localizing Swallow floats using range data

collected during the July 1989 experiment which took place between 8 and 9 July near

340 50' N, 1220 20' W, about 150 km west, northwest of Pt. Arguello, California. In this

experiment, 12 Swallow floats were deployed; 9 were freely drifting in the water column

in a quasi vertical line array geometry with a vertical float separation of about 400 m,

starting at about 600 m depth to about 3800 m; and 3 were tethered to the ocean bottom

so that stable absolute position fixes could be obtained for the freely drifting midwater

floats. Detailed information about the experiment is contained in the experiment trip

report [1].

The theoretical basis and simulation results for the two localization methods,

least squares filter and Kalman filter, can be found in [2,31. A comprehensive procedure

for estimating float positions using data from the April 1987 experiment was documented

in [4]. The emphasis here is on the use of the filters and interpretation of the results using

data from the July 1989 experiment.

This report is organized as follows. Following this introduction section, Section

2 reviews the two filters from the performance criteria point of view. The desire here is

to provide the necessary background for discussion in the subsequent sections. Section 3

describes the inputs to the filters while Sections 4 and 5 discuss approaches to filter tun-

ing and the outputs from the filters respectively. Lastly, summary of the localization

results is given in Section 6.
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2. Loclization Methods

The function of the localization filter is to algorithmically compute float posi-

tions from noisy range measurements in a statistical sense depending on the optimality

criterion chosen. In this section, two such filters developed at the Marine Physical

Laboratory (MPL) are reviewed from the performance criteria point of view.

2.1. Generalized Least Squares Filter

The generalized (or weighted) least squares filter [5,6] involves using the

current set of range measurements, Z., which are related to the set of float positions X. by

the expression:

Z. = h (X,) + V, (measurement model) (2.1)

where h is the nonlinear function which gives the ideal (noiseless) connection between

the range measurements and the float positions, and V, is the set of range measurement

errors. These errors are also known as the residuals with zero means and second-order

statistics described by:

E [ V, V,] = R6,,,,, (measurement statistics) (2.2)

i.e. the errors are mutually uncorrelated.

The least squares method is concerned with determining the most probabl' set

of float positions which is defined as the set of float positions that minimizes the

weighted sum of the squares of the residuals:

mr .n~ [Z, - h (X. )] T w,, h - (Xn)]

where W,, is the weighting matrix chosen as the inverse of the range covariance matrix

R,, and the weighted least squares filter's position estimate is:
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[Hr Rn H] -1Hr R. Z, (2.3)

where:

H A -(2.4)

Thus, the !east squares filter estimates current float positions using only current

set of measurements and an estimate of the measurement error statistics.

2.2. Kalman Filter

The Kalman filter [3,6,7,8,9] attempts to better estimate float positions by tak-

ing advantage of the knowledge of float dynamics and incorporating a fading memory of

past data into the estimator structure. In addition to the measurement model (2.1) and

statistics (2.2), Kalman filter also uses the system model (float dynamics), the system

statistics, and the initial conditions. The system model is given by:

x= 4:'x,- + rx, 1 (system model) (2.5)

where 0 is the state transition matrix which relates X,_- to x., F the matrix which relates

the accelerations to the float positions, and x,- the set of accelerations with zero means

and second-order statistics described by:

E[x' x' ] =Q. & (system statistics) (2.6)

The initial conditions are:

0= E (Xo) (27)

Po = E [(XO-O)(XO-XO)r] (2.8)

where A o is the estimate of the initial float positions, and P0 the estimate of the error vari-

ance in the initial float positions.
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The operation of the Kalman filter can be viewed as a predictor-corrector pro-

cess [10]. First, suppose we have available to us the previous float position estimates X,,1

and associated position covariance matrix P.-i:

P.-i = E [(KM-i-X,,i) (X._ - (2.9)

and we would like to obtain the best estimate of the current float positions based on the

previous estimate. We are in the "prediction phase" of the process. The system model

(2.5) is used to predict the float positions and the associated position covariance matrix:

XM(-) = o Xi (2.10)

P.(-)= p.l ,oT + rXZ rr (2.11)

The "minus" is introduced here (following the notation in reference [6]) as a reminder

that this is our best estimate prior to incorporating the measurement. We now seek to use

the measurement A to improve the estimate 9.(-). We choose a linear blending of the

noisy measurement and the . (-) in accordance with the equation:

X=. X(-)+ K. [Z. - h((-))] (2.12)

The optimal choice of K., the Kalman gain, is to minimize a scalar sum of the diagonal

elements of the position covariance matrix P.:

minimize fae [P,,]

where:

P- = E[(X. -M) (X ] (2.13)

KM is obtained as:
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K, =P,(-) HT [H. P H.T+R (2.14)

or in a simpler form:

K. = P. H R,1 - (2.15)

where:

.= ah (X) (2.16)
JX_ X. =4.-

We then use the current set of range measurements Z. to determine the innovations. The

innovation is defined as:

which is the difference between the actual range measurement and the predicted range

measurement (2.10). Now we enter the "correction phase" of the process. That is, we

correct or update the predicted positions based on the new information in the range meas-

urements - the innovation. The innovation is weighted by the Kalman gain K. to correct

the predicted positions (-) as described in (2.12). The associated position covariance

matrix (2.11) is corrected as well:

P, = [I - K.,H.] P.(-) (2.17)

The predictor-corrector process then repeats until all measurements are consumed.

A useful interpretation [61 of the Kalman gain (2.15) is that the gain is "propor-

tional" to the uncertainty in the position estimates, and "inversely proportional" to the

range measurement noise. In other words, if the range measurement errors are large and

the predicted position errors are small, the innovation is due chiefly to the noise and only

small change in the predicted positions should be made. On the other hand, small meas-

urement noise and large uncertainty in the position estimates suggest that the innovation
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contains considerable information about errors in the position estimates. Therefore, the

difference between the actual and the predicted range measurement will be used as a

basis for strong corrections to the position estimates.

In short, the Kalman filter estimates float positions by weighting a current set

of measurements against previous position estimates propagated forward in time using an

equation of motion. Thus, the Kalman filter uses current measurements as well as past

measurements in a fading memory fashion, estimates of the measurement error statistics

and acceleration error (process noise) statistics, and the float dynamics. It has been

shown [31 that the Kalman filter outperforms the least squares filter in the presence of

high measurement noise and when the process noise is low because of its ability to track

float motion and effectively smooth noisy measurements.
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3. Inputs to localization filter

This section presents the inputs to both filters using data from the July 1989

experiment. Based on discussion in the previous section, input data falls under four

categories: measurement data, measurement statistics, initial estimates and process noise.

3.1. Measurement Data

Range measurements used by the filters are derived quantities computed from 8

kHz pulse travel time measurements between floats (or from float to surface) using an

estimate of the sound speed. Thus, measurement data includes travel time estimates and

sound speed estimates.

3.1.1. Travel Time Estimates

Measurement of pulse travel times has received a great deal of attention during

the process of the Swallow float system development in the past few years. References

[1,11,12] have addressed this subject in detail. In brief, each float is equipped with an

acoustic transducer which transmits and receives 8 kHz pulses. Pulses are transmitted by

the floats in a preprogrammed sequence. A different float transmits every 45 seconds; 12

floats were deployed in this experiment and each float transmits every 9 minutes. A given

float receives pulses transmitted by other floats as well as its own arrivals (surface

echoes, bottom bounces, or mixtures of both). Since only direct path pulses between

floats and surface echo pulses from one float to itself are of interest, an edge detector pro-

gram [11,3,41 was used to detect and extract such pulses which correspond to the first

arrivals in a narrow range time window.

Surface echo travel time measurements are obtained by subtracting outgoing

pulse transmit times from pulse arrival times, whereas interfloat travel time measure-

ments are obtained by subtracting pulse transmit time according to the transmitting float

from pulse arrival times at the receiving float. Since two time bases are involved,
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interfloat travel time measurements contain a bias due to variation in the float clock rates.

It has been shown [12] that the bias can be reduced significantly by averaging reciprocal

path interfloat travel time measurements. Because interfloat measurements were not

made simultaneously, travel time measurements must be interpolated by a factor of 12

before reciprocal path measurements can be averaged.

Figures 3.1 through 3.12 show the leading edge of each float's detection of its

own transmitted and surface echo 8 kHz pulses. The vertical axes in the figures have

been scaled from travel time to depth, using half of 1500 m/s for sound speed. The line of

dots at approximately 0 depth corresponds to the detection of the outgoing 8 kHz pings

and the second line of dots corresponds to the detection of the incoming pulses i.e. sur-

face echo pulses. Note that the lines of dots terminate prematurely for floats 4 and 5 in

Figures 3.5 and 3.6, respectively. Float 4 stopped recording data 4 hours too early and

float 5's automatic ballast release time was set incorrectly [1]. Figures 3.13 through 3.78

(except Figures 3.13, 3.14, and 3.24) show the direct path pulse detections between

floats. Figures 3.13, 3.14 and 3.24 show the surface reflected pulse detections between

the bottomed floats, 9, 10 and 11. The direct path pulses between the bottomed floats

were not detected because the sound speed gradient bends nearly all of the sound energy

upward over the 6.3 km distance which separates the floats. Direct path travel times can

be calculated from surface reflection travel times using equation (3.1) [4]:

[r~j Pth {[ 2_.direct surface reflection (3.1)

where Tr is the interfloat travel time, ri and c, the individual float surface echo travel

times, cr, the harmonic mean sound speed for a vertical path from the surface to the bot-

tom, and ci, the sound speed at the depth of floats i and j.

Figures 3.79 through 3.87 contain the surface echo travel time measurements

for the freely drifting floats. Figures 3.88, 3.89 and 3.90 show the surface echo travel
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time measurements for the bottomed floats, 9, 10 and 11. As pointed out in [4], the bot-

tomed floats' surface measurements like these are expected to be approximately constant

because the floats themselves are approximately stationary; they are tethered to the ocean

bottom by 3.05-meter lines. Noise in the surface echo pulse arrival time is thought to be

caused by scattering of the pulse at the rough, moving sea surface and destructive

interference among multiple arrivals at the receiver. Since filter performance can be

improved by substituting a constant for the actual measurements, the most probable value

i.e. the mode of the travel time measurements (5.402 seconds for float 9, 5.422 -,:conds

for float 10, and 5.404 seconds for float 11) will be used as the travel time estimates.

Figures 3.91a, 3.92a, and 3.93a show the averaged surface bounce path travel

times between the bottomed floats. Like the bottom float surface echo travel times, the

interfloat travel time should be approximately constant because the floats are approxi-

mately stationary. Figures 3.91b, 3.92b, and 3.93b show the direct path travel time esti-

mates between the bottomed floats, calculated using equation (3.1) and the actual surface

echo travel times, whereas Figures 3.91c, 3.92c, and 3.93c show the direct path travel

time estimates, calculated using equation (3.1) and the constant value (mode estimates

of the surface echo travel times. Because the underlying direct path travel time must be

approximately constant, the modes of Figures 3.91c, 3.92c, and 3.93c will be used as the

direct path travel time estimates (4.025 seconds for path between floats 9 and 10, 4.157

seconds for path between floats 9 and 11, and 4.132 seconds for path between floats 10

and 11).

Figures 3.94 through 3.127 contain the remaining interfloat travel time esti-

mates calculated by averaging interpolated reciprocal path measurements.

3.1.2. Sound Speed Estimates

The sound speed profile for the upper 1000 meters was obtained from 5

expendable bathythermograph (XBT) measurements [131 made from the R/V New
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Horizon near the deployment site at various times during the Swallow float experiment

and historical salinity data for area 24, 3rd quarter of the year, in the upper 1000 meters

archived by the National Oceanographic Data Center [13]. The sound speed profile for

the lower 3100 meters was obtained from a conductivity-temperature-depth CTD station

[14] carried out on July 11, 1989 near the center of the float-triangle where all the freely

drifting floats were put into the water. Using the equation given by Mackenzie [15], the

composite sound speed profile was calculated and plotted in Figure 3.128. Harmonic

mean sound speeds for each interfloat and float to surface path were also calculated and

are given in Appendix 1.

3.2. Measurement Statistics

The measurement error variance ,-imates are used to weight the measure-

ments so that greater weight is given to measurement with a smaller error variance. Since

travel time measurement error and sound speed estimate error are assumed to be uncorre-

lated, the measurement error variance for float pair ij can be expressed as [4]:

2 = (^,!)2 G , + (e,,)2a y, (3.2)

where T is the estimated travel time between float i and j, a2 the sound speed error vari-

ance in eij, ej the estimated harmonic sound speed between float i and j, and o2 the travel

time error variance between float i and j.

3.2.1. Travel Time Variances

It has been shown [12] that the variance of a bottomed float's surface echo

travel time measurements can be used as an estimate of the variance of the measurement

error, because the true surface echo times are approximately constant. Subtracting the

means from the surface echo travel time estimates produces estimates of the travel time

estimate errors. The variances of the error time series are given in Table 3. 1.
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Table 3.1. Estimated Variance of Bottomed Float
Travel Time, July 1989 Experiment

Float Numbers Variance, msec 2

9 9 115
10 10 110
11 11 97
9 10 78
9 11 64
10 11 142

In the previous section, the bottomed float surface echo travel time measure-

ments were ruled as too noisy to be used directly in estimating the float positions, and the

mode of the travel time measurements was taken as the travel time estimate. The vari-

ance of the error in the constant estimate (mode) is expected to be much smaller than the

variance of the error in the measurement. Based upon the predicted maximum vertical

movement of a tethered bottom float and wave height in the sea surface during the

deployment (about 3 meters), the error in the mode is taken to be mean zero and have

variance 6 msec2. By the same token, the interfloat travel time variance is taken to be 4

msec 2 [4] based upon the predicted maximum horizontal movement of a bottom float.

Table 3.2 summarizes the estimated error variances of the bottomed float travel time esti-

mates.

The surface echo travel time estimate error for the freely drifting floats cannot

be estimated directly. Because these floats were deployed shallower than the bottom

floats, their variances are expected to be lower than the values in Table 3.1 but higher

than those in Table 3.2. An arbitrary, yet logical, choice of error variances for the freely

drifting float surface echo travel time estimates are listed in Table 3.3.
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Table 3.2. Estimated Variance of Bottomed Float
Travel Time Based on Predicted Float

Movement, July 1989 Experiment

Float Numbers Variance, msec 2

9 9 6
10 10 6
11 11 6
9 10 4
9 11 4
10 11 4

Table 3.3 Estimated Variance of Freely Drifting
Float Travel Time, July 1989 Experiment

Float Numbers Variance, msec 2

0 0 6
1 1 10
2 2 20
3 3 30
4 4 40
5 5 50
6 6 60
7 7 70
8 8 80

Travel time error variance for float pairs in which one of the floats is not sta-

tionary can be estimated from the difference between reciprocal path travel time meas-

urements [12]. The difference in clock rates causes the travel time difference to be a

linear function of time. The difference also appears to contain second order time depen-

dence due to difference in clock accelerations. Subtracting a second order fit from the

travel time difference produces an estimate of the error in the travel time estimates. Fig-

ures 3.129 through 3.191 contain interfloat travel time differences along with second
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order curves fitted to the differences and the corresponding error estimate time series.

The variances of the error time series are summarized in Appendix 2.

3.2.2. Sound Speed Variances

It has been shown [2,4] that the variance of the sound speed estimate at a par-

ticular depth is just under 0.4 (meter/sec) 2 in the North Pacific Ocean. The variance of the

harmonic mean sound speed for a given path would be expected to be less than that in the

sound speed at a particular depth due to averaging effect. The error in the harmonic

mean sound speed is estimated to be 0.1 (meter/sec) 2 for the 1989 experiment.

3.3. Initial Estimates

The MPL implementation of the filters requires an initial estimate of the float

positions. Additionally, the Kalman filter requires an initial estimate of the float veloci-

ties and the initial position and velocity variance estimates. Before estimating the initial

positions, we must first define a coordinate system. The coordinate system for the float

localization is established in which the origin lies at the surface directly above float 9.

The Z axis is vertical, positive downwards and extends through float 9, and the X axis is

oriented such that float 10 lies in the XZ plane. The positions of floats 9, 10 and 11 are

taken to be the ship's position when the floats were launched into the water. Figure

3.192 shows a plane view of the coordinate system. The locations of the freely drifting

floats will be estimated relative to these axes.

3.3.1. Initial Position Estimates

The time for the initial float position chosen for float localization is record

1003, 00:00 July 9 1989, at which 7 of the 9 freely drifting floats had reached equilibrium

depth. The MPL implementation of the least squares filter requires a rough initial posi-

tion estimate to bootstrap the filter. The rough initial positions are taken to be the ship's
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position relative to the coordinate system when the floats were launched into the water

using depths taken from Figures 3.1 through 3.12. Table 3.6 lists the rough initial posi-

tion estimate.

Table 3.6. Rough Initial Position Estimate
Record 1003, 00:00 July 9 1989

Float X Y Z

9 0 0 4050
10 6150 0 4050
11 3075 5500 4050
0 3075 2750 570
1 3075 2750 990
2 3075 2750 1380
3 3075 2750 1670
4 3075 2750 2080
5 3075 2750 2490
6 3075 2750 2840
7 3075 2750 3350
8 3075 2750 3650

Using the rough initial position estimates in Table 3.6, the travel time estimates

for record 1003, the travel time variance estimates given in Tables 3.2 and 3.3 and

Appendix 2, and the sound speeds and sound speed variances given in Appendix 1, the

least squares filter produced the position estimate given in Table 3.7 It has a root mean

squared (rms) residual of 2.67 meters. Since an initial position estimate is determined to

be satisfactory when the least squares filter converges to a position estimate which results

in an rms residual of less than 7.5 meters [4], the position estimate at record 1003 is

taken as a good initial position estimate and will be used by the Kalman filter.



15

Table 3.7. Initial Position Estimate Produced
by the Least Squares Filter for Record 1003,

00:00, July 9 1989

Float X Y Z

9 0 0 4039
10 6131 0 4051
11 3103 5518 4041
0 3779 -1456 574
1 4887 82 999
2 3885 162 1380
3 4425 969 1674
4 4110 1398 2081
5 4092 1482 2489
6 3870 1754 2841
7 2875 2085 3353
8 2824 1871 3650

3.3.2. Initial Velocity Estimates

Using the good initial position estimates, the least squares filter was again run

for the first 13 records (9 minute period) from records 1003 to 1015. The position esti-

mates produced by the filter were used to calculate the position change rates X..l-X.
45

meters/second. Twelve such successive position change rates were then averaged to pro-

duce the initial velocity estimates. Table 3.8 lists the velocity estimates for record 1003,

00:00, 9 July 1989.

3.3.3. Initial Position and Velocity Variance Estimates

The estimate of the variances in the initial positions and velocities is also

needed by the Kalman filter. The estimate suggested by [41 will be used and is listed in

Table 3.9.
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Table 3.8. Initial Velocity Estimate (in meters/second),
Record 1003, 00:00, July 1989 Experiment

Float X Y Z

9 0 0 0
10 0 0 0
11 0 0 0
0 0.061 -0.040 -0.004
1 0.025 -0.058 0.005
2 -0.015 -0.040 0.001
3 0.028 -0.027 0.006
4 0.003 0.001 0.013
5 -0.003 0.001 0.015
6 0.002 0.017 0.027
7 -0.010 0.021 0.005
8 -0.036 -0.003 0.025

Table 3.9. Estimate of Initial Position and Velocity Variance
Used by the Kalman Filter, July 1989 Experiment

Position, meters2  Velocity, (m/sec) 2

Float
x Y z X Y z

9 0 0 0.01 0 0 0
10 0.01 0 0.01 0 0 0
11 0.01 0.01 0.01 0 0 0
0 0.01 0.01 0.01 0.0001 0.0001 0.00001
1 0.01 0.01 0.01 0.0001 0.0001 0.00001
2 0.01 0.01 0.01 0.0001 0.0001 0.00001
3 0.01 0.01 0.01 0.0001 0.0001 0.00001
4 0.01 0.01 0.01 0.0001 0.0001 0.00001
5 0.01 0.01 0.01 0.0001 0.0001 0.00001
6 0.01 0.01 0.01 0.0001 0.0001 0.00001
7 0.01 0.01 0.01 0.0001 0.0001 0.00001
8 0.01 0.01 0.01 0.0001 0.0001 0.00001

3.4. Process Noise

The last piece of information required by the Kalman filter is the float accelera-

tion variance, also known as the process noise, described in equation (2.6). The process
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noise is a parameter used by the Kalman filter to determine how much weight to give to

its own track of the float relative to the measurements. When the model (i.e. filter) pro-

cess noise matches the true process noise experienced by the float during the experiment,

the Kalman filter is performing optimally and will have more estimates falling inside the

predefined confidence interval [16]. However, there is no easy way of estimating the true

process noise. One approach suggested by [4] is to run the filter several times, each time

with a different process noise value and the one which minimizes the innovation power

will be selected as the candidate. We will use this matched processing technique with

values ranging from 10-12 to 5 x 10-8 (meter/second2)2 in search of the true process noise.
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4. Filter tuning

4.1. Least Squares Filter

Using the good initial positions given in Table 3.7, the sound speeds and sound

speed variances given in Appendix 1, the travel time estimates for records 1003 to 2120,

and the travel time variances given in Tables 3.2 and 3.3 and Appendix 2, the least

squares filter produced position estimates with an average rms of 2.7 meters. The residual

is low and indicates that the position estimate is acceptable. However, a close inspection

of the residual sequences [z. - h(X.) reveals that:

E [Z irect a betwen 9& 1 j- h (x Fectph, ,b.w..w9& i)] = 1.3 meters (4.1)

E[zdirect path betw-en9g aI - h(x ,, ci path..etn9a &)] = 3.0 meters (4.2)

E[ z ,ec path between 1 11 - h(Xir,ctpahb, ewen0& 11 = 1.2 meters (4.3)

E[zfloat 9surfacecho-h(xoat twracech)]= 1.5 meters (4.4)

E Zfloat 1 surface echo - h (Xoa, 0 swface echo)] = 4.9 meters (4.5)

E Zfloat I I sui,ae echo - h( WatII suface echo) = 0.6 meters (4.6)

By definition, residuals in the measurement model are to be mean zero:

The bias contained in the residual sequences (4.1) - (4.6) is an indication that the mode

values selected as the travel time estimates may not be the optimal choice for the July

1989 data set. In order to improve the filter performance, trends in the residual

sequences must be removed. An iterative procedure was developed to achieve this and is

described as follows:
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1. Compute A'tij E zh(x) where i = 9,10,11 and j = 9,10,11.
Ci1

2. Update T,, = Tj - Azj .

3. Rerun the least squares filter.

4. If all E z,- h(xi)] <1 meter then stop; otherwise go to step 1.

The procedure was applied to the July 1989 data set. After 10 iterations, all 6 expected

residuals converged to within 1 meter, and the least squares filter produced the position

estimate with an average rms of 2.3 meters. The residual is lower than 2.7 meters and

indicates that the position estimate for records 1003 to 2120 is closer to the true float

positions. The constant value estimates used in the 10th run listed in Table 4.1 will

replace the mode values as the new travel time estimates and will be used by the Kalman

filter.

Table 4.1. Bottomed Float Surface Echo and
Direct Path Between Bottomed Floats Travel

Time Estimate, July 1989 Experiment

Float Path Travel Time Estimate (seconds)

9-10 4.028 (was 4.025)
9-11 4.152 (was 4.157)
10-11 4.130 (was 4.132)
9-9 5.401 (was 5.402)

10-10 5.409 (was 5.422)
11-11 5.405 (was 5.404)

4.2. Kalman Filter

The measurements, sound speed and variance estimates, and the initial esti-

mates were applied to the Kalman filter. Using process noise values ranging from 10-12 to

5x10-8 (meters/second 2)2, the Kalman filter was run 24 times. Table 4.2 lists the mean inno-
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vation power resulting from each run.

Table 4.2. Mean Innovation Power Produced
by the Kalman Filter, July 1989 Experiment

Process Noise Mean Innovation Magnitude
(meters/second2)2  (meters)

lxIO-12  
7.0671

2x10- 2  6.0969
3xlO- 2  5.6302
5x10-12  5.1290
7x10"-12  4.8450
lxl0-l 4.5793
2x10 - 11  4.1538
3x10-" 3.9536
5x10-11 3.7460
7x10-"I 3.6335
lxlO-O 3.5331
2xi0-10 3.3866
3x10-10 3.3269
5x10-10 3.2753
7x10-1o 3.2546
lxlo-9  3.2435
2x 10-9 3.2539
3x10-9 3.2808
5x0-9 3.3401
7x10-9  3.3974
lxlO- 8  3.4770
2x10-S 3.6933
3x 10-8  3.9648
5x10 4  6.8216

It has been shown using simulations [41 that the process noise which minimizes the

power in the innovations sequence produces a position estimate with the smallest true

rms error. The minimum is seen to occur at 10-9 which is the same found for the 1987

experiment [4]. Thus, process noise for the July 1989 experiment is estimated to be

10-9 (m/s 2) 2.
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5. Discussion of Localization Results

In this section, the outputs from the localization filters are discussed. Of

interest are:

0 RMS position error estimate

* RMS residual/innovation

* Float position estimate

Distance difference between filters

* Float depth variation

* Float speed estimate

The curves shown in Figure 5.1 are the mean innovation power I I I, the Kalman

filter's estimate of the rms position error, and the least squares filter's estimate of the rms

position error. The vertical axis is rms error or mean innovation magnitude in meters.

The horizontal axis is the estimate of process noise given to the Kalman filter as a param-

eter. Simulations [21 have shown that the true rms error in the Kalman filter's position

estimate was always bracketed by the mean magnitude of the innovation and the filter's

estimate of the rms error. Therefore, the rms error in the Kalman filter estimate is

thought to be less than 3.3 meters. The least squares filter's estimate of rms float position

error is 2.3 meters. Simulation results have indicated that the true rms error in the least

squares filter's position estimate is no more than about twice the estimated error.

Accordingly, the rms error in the least squares filter estimate is thought to be less than 4.6

meters.

The rms residual for the least squares estimates and the rms innovation for the

Kalman filter estimates are shown as a function of measurement (Swallow float record)

number in Figure 5.2. Both rms residual and innovation contain large spikes around

records 1600 and 1700. These spikes are due to missing surface echo travel time meas-
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urements in floats 6 and 8's data and the values determined by the adaptive linear predic-

tor must still contain large errors.

Figures 5.3a and 5.3b show the filters' float horizontal position estimates

between records 1003 and 2120. Both position estimates indicate that the freely drifting

floats dispersed away from the center of the float triangle with floats 0 and 1 moving to

the northwest, floats 2 and 3 to the west, float 4 to the southwest, and floats 5, 6, 7 and 8

to the southeast. The drifting pattern was probably due to the complex water movement

(including eddies, wind-driven surface currents and the California Current) near the

experiment site. The filters' float depth estimates are also plotted in Fig 5.4a and 5.4b.

The distance between the two filters' estimates is plotted for each float as a

function of measurement number in Figure 5.5. The curves are, in descending order, from

floats 0 through 11. The distance between the two position estimates is relatively small

for all floats with an rms difference less than 3 meters for most of the experiment.

Figures 5.6 through 5.8 show the enlarged version of the Kalman filter's float

depth estimates as a function of measurement number. The floats oscillate irregularly

about slowly varying means with periods on the order of 30 to 90 minutes which

corresponds roughly to internal wave periods. The slowly increasing depth trend, except

for float 0, is probably caused by gradual compression of the float as it gets colder.

The float speed estimates derived from the Kalman filter's X, Y, and Z velocity

component estimates are plotted in Figures 5.9 through 5.11. The float speeds appear to

be rather unsteady (i.e., high process noise) throughout the experiment. The large scale

speed oscillation with periods on the order of 4 to 12 hours, depending on float equili-

brium depth, is thought to be caused by the tidal currents. Average float speeds for the

freely drifting floats are listed in Table 5.1.
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Table 5.1. Average Float Speed, July 1989 Experiment

Float Average Speed
Number (meters/hour)

0 350
1 170
2 220
3 180
4 80
5 40
6 110
7 90
8 120



24

6. Summary

In this report, two localization methods, generalized least squares filter and

Kalman filter, were reviewed from the performance criteria point of view. The inputs to

both filters using data from the July 1989 experiment were described in detail. The pro-

cedures for tuning the filters were described and the results from both filters were dis-

cussed and compared. The rms position error is estimated to be less than 3.3 m for the

Kalman filter and less than 4.6 m for the least squares filter. Due to the high process

noise experienced by the floats during the experiment and the quasi vertical line array

deployment geometry [3], the two filters perform comparably. The two position esti-

mates have an rms difference of less than 3 meters for most of the experiment. Both

methods appear to be capable of estimating float positions to within the desired accuracy

of one-tenth of a wavelength at the highest frequency of interest 20 Hz (7.5 m) in order to

effectively beanform the VLF acoustic data.
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Appendix 1 - Harmonic Mean Sound Speed Estimates

Harmonic Mean Sound Speed Estimates

Floats Sound Speed, m/msec Error Variance, (m/msec)2

9 & 10 1.5237 0.1 X10-
9&11 1.5237 0.1 xlO-6

9&0 1.4975 0.1 xl0-6

9 & 1 1.4999 0.1 xl0-6

9 & 2 1.5024 0.1 x10-6

9&3 1.5043 0.1 xl0 -6

9&4 1.5075 0.1 xl0-
9&5 1.5108 0.1 xI- 6

9 & 6 1.5143 0.1 xlO-
9 & 7 1.5178 0.1 xl- 6

9&8 1.5213 0.1 xl- 6

10 & 11 1.5237 0.1 xlO-6

10&0 1.4975 0.1 xl0"
10 & 1 1.4999 0.1 xI-
10 & 2 1.5024 0.1 xl0-6

10&3 1.5043 0.1 xlO-6

10&4 1.5075 0.1 xO-'6

10 & 5 1.5108 0.1 xlO-6

10 & 6 1.5143 0.1 xlO- 6

10 & 7 1.5178 0.1 xlO-6

10 & 8 • 1.5213 0.1 xlO"-6

11 & 0 1.4975 0.1 xlO-6

11 & 1 1.4999 0.1 xlO 6

11 & 2 1.5024 0.1 xlO"6

11&3 1.5043 0.1 xlO 6

11&4 1.5075 0.1 xlO- 6

11&5 1.5108 0.1 xlO- 6

11&6 1.5143 0.1 xlO- 6

I1 & 7 1.5178 0.1 xlO-6

I1 & 8 1.5213 0.1 xlO-6

0 & 1 1.4809 0.1 xlO-6

0&2 1.4820 0.1 ×1"
0&3 1.4830 0.1 xlO- 6

0&4 1.4849 0.1 xlO--6

0&5 1.4872 0.1 X10 -6

0&6 1.4897 0.1 xlO- 6

0&7 1.4926 0.1 xlO-6

0&8 1.4955 0.1 xlO- 6
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Harmonic Mean Sound Speed Estimates

Floats Sound Speed, m/msec Error Variance, (m/msec) 2

1 & 2 1.4832 0.1 xl0-6

I & 3 1.4844 0.1 xlO--6

1&4 1.4865 0.1 xlO- 6

I & 5 1.4890 0.1 xl --6

I &6 1.4917 0.1 xl- 6

1 & 7 1.4948 0.1 xl0-6

1 & 8 1.4978 0.1 x10- 6

2&3 1.4860 0.1 x0-6

2&4 1.4883 0.1 xl10- 6

2&5 1.4909 0.1 xl0-6

2&6 1.4939 0.1 xl10- 6

2&7 1.4970 0.1 xl0-6

2&8 1.5002 0.1 xl0-6

3&4 1.4898 0.1 xl0-6

3 & 5 1.4926 0.1 xl0-6

3&6 1.4957 0.1 xl0-6

3 & 7 1.4989 0.1 xl-6
3 & 8 1.5022 0.l xlO --6

4&5 1.4954 0.1 xl-
4&6 1.4986 0.1 xl- 6

4 & 7 1.5020 0.1 xl- 6

4 & 8 1.5053 0.1 xlO-6

5&6 1.5018 0.1 xl10-6

5 & 7 1.5052 0.1 xl0 - 6

5&8 1.5086 0.1 xl- 6

6&7 1.5086 0.1 xl- 6

6 & 8 1.5120 0.1 xl0-6

7 & 8 1.5155 0.1 xl- 6

9&9 0.7478 0.1 xl0-6

10 & 10 0.7478 0.1 Xl1-
11 & 11 0.7478 0.1 xlO- 6

0&0 0.7423 0.1 X10-6

1 & 1 0.7415 0.1 xl- 6

2&2 0.7415 0.1 xl0-6

3 & 3 0.7418 0.1 xl- 6

4&4 0.7424 0.1 xlO- 6

5 & 5 0.7433 0.1 xl0 - 6

6&6 0.7443 0.1 xl0 --6

7 & 7 0.7456 0.1 xl-
8 & 8 0.7469 0.1 xlO- 6
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Appendix 2 - Reciprocal Path Travel Time Variances

Variances of Reciprocal Path Travel Time Measurement Differences
Minus a Second Order Fit, July 1989 Experiment

Floats Variance, msec 2

9&0 2.5637
9 & l 0.8505
9&2 1.0208
9 & 3 1.9094
9&4 0.6386
9&5 0.1996
9&6 0.3951
9 & 7 0.8572
9&8 0.6349
10&0 0.9729
10& 1 0.8914
10&2 0.7811
10&3 0.9248
10&4 0.5736
10&5 0.2852
10&6 1.7845
10&7 0.7622
10&8 0.8752
11 & 0 1.5452
11 & 1 1.4314
11 & 2 0.8876
11 & 3 1.6525
11&4 0.5814
11 & 5 0.2615
11 &6 1.1790
11 & 7 0.8512
11 & 8 0.3782
0 & 1 1.2800
0&2 1.8693
0&3 2.1737
0&4 3.8525
0&5 1.0472
0&6 2.5033
0&7 1.9553
0&8 2.0692
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Variances of Reciprocal Path Travel Time Measurement Differences
Minus a Second Order Fit, July 1989 Experiment

Floats Variance, msec2

I & 2 1.4894
1 & 3 2.7448
1&4 2.1325
l & 5 0.4147
1 & 6 2.4348
1 & 7 1.5548
1 & 8 1.0353
2 & 3 0.9688
2&4 0.8213
2&5 1.5815
2&6 1.4629
2 & 7 1.3690
2&8 1.5648
3&4 0.3759
3 & 5 0.7077
3&6 2.2006
3 & 7 0.8939
3 & 8 2.3961
4 & 5 0.4745
4&6 0.3362
4 & 7 1.1722
4 & 8 2.3950
5 &6 0.4461
5 & 7 0.5171
5 & 8 0.2398
6&7 0.9575
6 & 8 0.7759
7 & 8 0.8713
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Pulse Leading Edges. Floot 10 listen-Ing to Float 7, July 1989
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Pulse Leading Edges. Flat 10 listeruing to Floot 8, July 1989
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Pulse Leading Edges. Float 11 listening to Float 0, July 1989
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Pulse Leading Edges. Floct Ii iistenir to Float 1, July 1989
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Pulse Leading Edges. Float 'I IistenZr to Float 2, Jut V 1989
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Pulse Leading Edges. Floot 11 listening to Float 3, Juty 1939
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Pulse Leading Edges. Float 11 listenir9g to Float 4, July 1989
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Pulse Leading Edges. Flot 11 listenjnr to Flcot 5, Ju[ V 1989
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Pulse Leading Edges. Floot 11 listenir, to Float 6, July 1989
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Pulse Leading Edges. Float 11 i tenir, z Flot 7, Ju[ V 1959
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Pulse Leading Edges. F[cc:t Ii :stenirq , Float 8, July 1989
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Pulse Leading Edges. Float 0 listening to Float 1, July 1989

P L aI I I I I

........ ..... ... ...................

CIA

600 800 1000 1200 1400 1600 1800 2000 2200

record muiber

ItII IIII

600 800 1000 1200 1400 1600 1800 2000 2200

record rnber

Figure 3.43

------- - eln Ede.-ot1lseig oFot0 u 1



Pulse Leading Edges. Flout 0 listening to Float 2, July 1989
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Pulse Leading Edges. Float 0 listenig to Float 3. July 1989
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Pulse Leading Edges. Float 0 listening to Float 4, July 1989
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Pulse Leading Edges. Float 0 listenirg to Float 5. JulV 1989
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Pulse Leading Edges. Float 0 listening to Float 6, July 1989
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Pulse Leading Edges. Float 0 listening to Float 7, July 1989
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Pulse Leading Edges. Float 0 listening to Float 8, July 1989
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Pulse Leading Edges. Float 1 listening to Float 2, July 1989

°° ..... 

........... 

........ 
°° . ..'°° °" .. ..... ... .. ... .. ... .. .... ... .....° , . , ° °° ° .°° ° ° . ..... .... .. ... ° °.. ... .. ... "

CI

II I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Pulse Leading Edges. Float 2 listenigr to Float .. July 1989

......... ............. ,,......,,,,.....,.,°°°................

I I I It I
600 800e 1000 1200) 1400 1600 1800) 200 0 2200

record rnmber

Figure 3.51



Pulse Leading Edges. Float 1 listening to Float 3. July 1989
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Pulse Leading Edges. Float I listening to Float 4, July 1989
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Pulse Leading Edges. Float 1 listening to Float 5, Jul V 1989
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Pulse Leading Edges. Float 1 listening to Float 6. Jul V 1989
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Pulse Leading Edges. Float 1 listening to Float 7. July 1989
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Pulse Leading Edges. Float 1 listening to Float 8. JulV 1989
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Pulse Leading Edges. Float 2 listening to Float 3. July 1989
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Pulse Leading Edges. Float 2 listening to Float 4. July 1989
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Pulse Leading Edges. Floot 2 listening to Float 5. July 1989
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Pulse Leading Edges. Float 2 listening to Float 6. July 1989
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Pulse Leading Edges. Floot 2 listening to Float 7, July 1989
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Pulse LeadLng Edges. Floot 2 listening to Float 8. JuiV 1989
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Pulse Leading Edges. Float 3 listening to Float 4, July 1989
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Pulse Leading Edges. Float 3 listening to Float 5, July 1989
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Pulse Leading Edges. Float 3 listening to Float 6. Jul V 1989
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Pulse Leading Edges. Float 3 listening to Float 7, July 1989
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Pulse Leading Edges. Float 3 listening to Float 8, Jul V 1989
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Pulse Leading Edges. Floot 4 listening to Float 5. Jul V 1989
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Pulse Leading Edges. Float 4 listening to Float 6. July 1989
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Pulse Leading Edges. Float 4 listening to Float 7. Jul V 1989

III I I I

.... ............,....... ................

600 800 1000 1200 1400 1600 1800 2000 2200
record number

Pulse Leading Edges. Float 7 listening to Float 4, July 1989

CDI

I I I I I

..............................................................

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Figure 3.71



Pulse Leading Edg~es. Floot 4 listening' to Float 8. July 1989
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Pulse Leading Edges. Floot 5 listening to Float 6. Jul V 1969
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Pulse Leading Edges. Float 5 listening to Float 7, Jul V 1989
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Pulse Leading Edges. Float 5 listening to Float 8, July 1989
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Pulse Leading Edges. Float 6 listening to Float 7, July 1989
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Pulse Leading Edges. Float 6 listening~ to Float 8, July 1989
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Pulse Leading Edges. Float 7 listening to Float 8, Jul V 1989
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Surface echo traovel time estimate, float 0, July 1989
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Surface echo travel time estimate, float 1, July 1989
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Surface echo tavel time estimate, float 2. Jul V 1989
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Surface echo travel time estimate, float 3, JulV 1989
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Surface echo bavel time estimate, float 4. July 1989

2833.

2750.

2667. (U
CU

~/
2583.

2500. /

2417.
II I

600 800 1000 1200 140 1600 1800 2000 2200

record number

Figure 3.83



Surface echo btavel time estimate, float 5, July 1989
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Surface echo travel time estimate, float 6. July 1989
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Surface echo travel time estimate, float 7. Jul V 1989
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Surface echo travel time estimate, float 8. July 1989
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Surface echo travel time estimate, float 9, July 1989
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Surface echo 'Tavel time estimate, float 10, July 1989
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Surface echo travel time estimate, float 11, July 1989
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Iravel time estimate, floats 9 and 10, Jul V 1989
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rvl tdestjmo tefloots 9 ad 10, 4ul 1989
clca{ed using cuaI sri a echo trove] times
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naovel time, estimate flats 9 and 10, Jl1989
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Travel trme estimate, floats 9 and 11, July 1989
bur ace Bounce

SI I I

6882.0
- ,

" a - t.• oo

6876.0 "

65870.0 ,.*A... *

(I) Ai " "

VV .. ... ,.. ,.

6858.0 " "

6852.0 --
I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Figure 3 .92a



ravej time, estimate,,Jloots 9 ard l,4ug 1989
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Travel time estimate, floats 9 and 0, July 1989
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Travel time estimate, floats 9 and 6, July 1989
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Travel time estimate, floats 9 and 8, July 1969
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Travel time estimate, flaats 10 and 2. July 1989
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Travel time estimate, floats 10 and 8, July 1989
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Travel time estimnate, floats 11 and 4, July 1989
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Travel time estimate, floats 0 and 5, July 1989
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Travel time estimate, floats 0 and 7, July 1989
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Travel time estimnate, floats 1 and 8, July 1989
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Travel time estimate, flats 2 and 5. July 1989
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Travel time estimate, floats 3 and 8, July 1989
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600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floots 10 and 7

3.0 -

2.0

1.0

iil"
L; INa)1.0 !W IV

-2.0 _

-3.0 -
600 800 1000 1200 1400 1600 1800 2e0O 220a

record n-nber
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Trove time diference floats 10 u 19 9 and
second order tit, coeficlents -,Cal.9 1 0  . 6 3,ncd30.63046

I i I Ii i I

520.0

455.0

390.0

LnE 325.0

260.0

195.0

I I I I I I I

600 800 1000 1200 140 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 10 and 8

Si I I I i

3.5

2.3 t V.

1.2 . •.-. .

-2.3 +

600 300 1000 1200 1400 1600 ie00 2000 22C0

record nunber
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s dfer fir cefg ln t s a o -d30167

I I I I II

-258.0

-344.0

-430.0

-516.0

-602.0

-688.0

tt I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record nunber

Travel time difference minus second order fit, floats 11 and 0

4.0 I I I

2.71 /

1.3 -

0.03

-2.7 4-

600 800 1000 1200 1400 1600 1800 20%0 22 00

record nunber

Figure 3. 147



Trove Itime diference floats 111 ul 9 ndgseccnd order fit c e nts aa an -101.24307
I II III

-216.0

-270.0

-324.0

V) -378.0

-432.0

-486.0

I I I I ]I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, Floats 11 and 1

4.0 -

2.7

1.3 A

S-4.0
-2.7 I: -

600 800 1000 1200 1400 1600 1800 2000 2200

record nuiiber

Figure 3. 148



Travel, time diferenc foats I1 and 89 n
seconad order fit coefhciants ae. 'O 9 -5.8668R? mi -58.25610

I I I I t

-459.0

-612.0

-765. 0
(n

-918.0

-1071.0

-1224.0

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 11 and 2

2.0

1.0
I 4. .

-2..

-3.0"I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Figure 3. 149



Trve tim ferencefh floats 11 and . uu1ndsecod order it ctlents are, 8.851? -12.213 od 35.28W86

I I I I I II

-60.0

-90.0

S120.0
(nI

-150.0

-180.0

-210.0 I i I I I I
600 800 1000 1200 1400 1600 1800 2000 2200

record rumber

Trovel time difference minus second order fit, floots 11 ond 3

4.0 I I

2.7 1

~. A . :..
U)-0.0

-2.7

600 800 1000 1200 1400 1600 1800 2e00 2200

record number

Figure 3. 150



Trave, time diferencefloats 11 1 g485ulvJ.911,2nd
secd order it coefcerts are, 69.53906

-43.0 t I I I i

-129.0

2172.0

-215.0

-258.0

I I I {I I

600 800 1000 t200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 11 and 4

3.0 I I i

2.0

-1.e ~ ~

-2.0

I

600 800 1000 1200 1400 1600 1800 200 22C

record number

Figure 3.151



Trave time differeic flas1166 u~ 99gnd
secon d r nit; C n 1.36 ad -0.52029

I I I I I I

-216.0

-270.0

,6-324.0Cu
w

-378.0

-432.0

-486.0 I I I I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record nunber

Travel time difference minus second order fit, floats '1 and 5

3.0

2.A

2.0

-3.0 ,

600 800 l1&00 L200 1400 16OG 1800 20-00 22CO

record number
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Travel time difference. floats 11 a~r l .n

second order itcofcIn .44 -l.4215SZ an(-6 49

I I a I I F I
.-258.0g

-387.0

-516.0

U

I-645.0

-774.

-903.0g

600 800 1000 t200 1400 1600 1800 2000 2200

record number

Travel time d:Zference minus second order fit, floats 11 and 6

3.0 4 I

2.a \

ii V V;z:

V "' ::I i ;:.

-2..

600 600 100 1200 1400 1600 180 20 00 2200

record nmrnber

FiTure 3.13



Travel time dfference floats 11r 7 Jul 989 nd
secod order kit, coeffcients a-as an 18.76947

-334.0 I I I I I I

-501.0

-666.0

a-835.0G

-1002.0

-1169.0

! I I II
600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 11 and 7

1 I I I1

5.5

3.7

-0.0
-1.8

-3.7

600 800 1000 1200 1400 1600 1800 2000 22e0

record nuber

Figure 3.154



Trove i time diference floats 11 onJk189 ?nd
second order fit, clents cresal 1572 ong 64.42834

I ' I I I I I

-200.0

-300.0

6-400.0
w

-500.0

-600.0

-700.0 I I I I II

600 800 1000 1200 1400 1600 1800 2000 2200
record number

Travel time difference minus second order fit, floots 11 and 8

1.7

4A .4
!i

0.0

-1.7

-2.5

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Fig-ure 3. 155



Tr time dference floats 8 and 1 Iul1969 ond 31 5order t coecnts or .344 nd a-31.88515

s o I I I I I I I

174.0

145.0

116.0
U)
E

87.0

58.0

29.0

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Trovel time difference minus second order fit, floats 0 and 1

4.0 I I I I I I

2.7 I
1.3 .1

A

A

-2.7

-4.0 I I I I
600 800 1000 L200 1400 1600 1800 2000 2200

record number

Fizure 3.156



Trove time difference. floats 0 nd 25 d 8 7 d 31
eono order it, hc t o .e.g-. dan 8.72311

-134.0

-201.0

-268.0

6
U)

G-335.0

-402.0

-469.0

I I I I I

600 800 1000 120 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, Floats 0 and 2

3.0I, I |

-1.5 '..

-4.5 "•"

600 800 1000 t200 1400 1600 1800 2C0 220'0

record nunber

Figure 3. 157



Tr time d'ten. f loats 0 and3 lv 1 1. g 91.22
order Mi, coehitclents ae ?1918 ? 9.22

tI I I

504.0

448.0

392.0

r 336.0

280.0

224.0

I!I I I I I

600 800 1000 1200 1400 1600 1800 2000 22C0

record nunber

Travel time difference minus second order fit, floats 0 and 3

SI I I I I
3.0

1.5t
.. .-..

1.5 '. ' t.

0

-4.5 I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record nunber

Figure 3.158



Trove time eefloaets 0 o I, al?se=n order it, lents a and4 139.38211

351.0 i i I I i

324.0

297.0

270.0

243.0

216.0

189.0 I I I
600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 0 and 4

4.0 I I I {
2.0 fAVW~1 I
-2.0 'A. .

A:

-6.0-4.0

SI I I tI

600 800 1000 1200 1400 1600 1800 2000 2200

record rumber

Figzure 3. 159



Trave time difference floats 0 and 5 iul959 ond a
secna oarder fit, coeflicients ore, e.080A1d.l164 . md 60.6g196

I I I tII

88.0

84.0

80.0

o~76.0

72.0

68.0

64.0 -

II I I Ii

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 0 and 5

4 .0 i i I i I

2 .7 N ,

1.3

-2.7

-4.0 -
600 800 1000 t200 1400 1600 1800 2000 2200

record number

Fizure 3. 160



Trove time difference floats9
sgcoi or-der Al, cfrcients are,-.ad5260

I I I II I

-43.0

-86.0

.129.0
UQ3
U,

-172.0

-215.0

-258.0g

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Trcvel time difference minus second order fit, floats 0 and 6

4.0

2.7A

ItI

1 .3 " " '.

0.0.

-2.7

-4.0 I
600 800 1000 1200 1400 1600 1800 2000 22

record number

Figure 3.161



Trave] time dfference floats 8 a9d 7 d.c8d_,_.37ldsecni order i oefhcients are.0144Y and 84.788

-101.8 I I

-202.0

-303.0

404.0

-505.0

-606.0

600 800 1000 1200 1400 1600 1800 2000 22e0

record number

Travel time difference minus second order fit, floats 0 and 7

2.7.2.7

0. }
£ -

-2.7

-4.0
600 800 1000 1200 1400 1600 1800 2000 2203

record number

Figure 3.162



Trove time difference floats 0 and 8a cnd
secmo order it, coefricients a-e. 0.0 02 -. 9489 and 126.70593

II I I I I

91.0

78.0

65.0
U

wU,

52.0

39.0

26.0

SI I I I I

600 800 1000 t200 1400 1600 1800 2000 2200

record number

Trovel time difference minus second order fit, floats 0 and 8

5.: 1 -I I I I

5.0 -3.3

1.7 J :A i .. .. .-:. ..
w :: 7:

-3.3

6008i 1000 1200 1400 1600 180 0 2200

record n-umber

Fi~zure 3.163



Travel time difference floats 1 and 2 Juy 8~da
second order fit, coefliclents a-es 0.022 .60 d and 47. 02808

SI I ' I

-198.0

-297.0

. -396.0
U
ci
U1

-495.0

-594.0

-693.0
I I I I II

600 800 10eO 120 1400 1600 1800 2000 2200

record rumber

Travel time difference minus second order fit, floats 1 and 2

4.0 -

2.7

1.3.

1. %.7 •

0.0

-4.0
600 800 1000 120 1400 1600 1800 2000 22C00

record nu,,ber

FI(-,ure3.4



Travel tire difference floats 1 and- ~,u8 rd0
second order fit, coefdlclents orea -i04AY 49609kfond 118.90%7

I I I I i - -

300.0

275.0

* 250.0

225.0

200.0

175.0

600 800 1000 120 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 1 and 3

4.0 i I I

2.7 :

1 IA

i~ji V

600 800 1000 120e i40b 1600 1800 2000 22C

record nmber

Fig-ure 3. 165



Trave~ time d~ffermence£loot~s 1 and-4, 6.62
secona order i coec aents OA 0.52

I I I - I II

180.0

178.0

176.0

174.0 .\

170.0

600 800 1000 1200 1400 1600 1800 200 2200

record number

Travel time difference minus second order fit, floats 1 and 4

2.3

1.2

-1.2 -[ i

-2.

-3.5St I I i I
600 800 1000 1200 1400 1600 1800 2000 2200

record number

Figzure 3.166



Trave time difference floats 1 and 5 JVl 3989, d
second order fit, coefricients are, O .6317?W 92.00610

32.0

16.0

0.0

(U

E -16.0

-32.0

-48.0

600 800 1000 t200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 1 and 5

2.0

2.0

AqA
V|

-2.0

-3.0 I I I I I

600 800 1000 1200 1400 1600 1800 2003 2200

record number

Fhgure 3.167



Trave, time difference floats 1 and , J 1 198

secand order fit, coefhlcients ore - 8.084N 23. J and 88.31992

-74.0

-148.0

-222.0
d
C3(D(n
G
-296.0

-370.0

-444.0

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 1 and 6

4.0 1 1 1 I }
2.7 W

1.3
NV\

-4.0

-4.0 I

600 800 1000 1200 1400 1600 1600 2000 22C3
record num~ber

Fiure 3. 168



Travel time difference floats 1 and 114.87286
second odr i, cefcents are, 4 nd 114.87286

-132.0 I I I

-264.0

-396.0

U
a)-528.0

-660.0

-792.0

ItI I II

600 800 1000 L200 1400 1600 1800 2000 2200

record number

Trovel time difference minus second order fit, floots 1 ond 7

4.0 I 4

2.7

1.3

Ln-0.0 ! / ,

6•0 . Vv W
-2.7 f

600 800 1000 1200 1400 1600 1800 2000 2200

record rgnfber

Figzure 3.169



Trcvel time djfference, floats 1 and JuI19 A 5 nd 1second order i coe;lclents ore, -0.034T 146 17.

II I I II

45.0

0.0

d-45.0
a,

-90.0

-135.0

-180.0 SI I I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record nunber

Travel time difference minus second order fit, floats I and 8

S I I I I I

2.3

1.2 :/ \

I:

-1..

' ,-... '. I

-2.3

-3.5

600 800 1000 1200 1400 1600 1800 2000 2200

record number

F..,,ure 3. 170



Travel time differencer floats 2 and Ji 1y19A9., 6791
second order it, coe clents orel 0.181b41.853 3-i- 86.79614

I I I I I I

992.0

868.0

744.0

620.0

496.0

372.0

I I I I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 2 and 3

2.3I I 1 I I+i
2.3'

1.2A{

a0.0
AA

-1.2

-2.3

-3.5
!I tt I -

600 800 100 1200 1400 1600 1800 2eO 3 2e2C 3

record number

Fiure 3. 171



Travel time difference floats 2 and 4, Ju5' T a
second order fit, coeflicients ore, -0.12 3" a7.5651dnd 109.27396

III I I I

729.0

648.0

567.0
U,

486.0

405.0

324.0 II I I{I

600 800 1000 1200 1400 1600 1800 2000 2200

record nunber

Travel time difference minus second order fit, floats 2 and 4

3.5

2.3

1.2

0.0

-1.2 .V

-2.2 j

600 80 1000 1200 1400 1600 1800 2000 2203

record number

Figure 3. 172



Travel time diference float 20 an8522571~~rdseccnd order it, coefrcients are. 0. 50.82257
I I I I

450.0

400.0

U 350.0
CU

300.0

250.0

200.0
I Ii II i

600 800 1000 120 1400 1600 1800 2000 2200

record number

Trovel time difference minus second order fit, floats 2 and 5

3.3

1.7

AN
0.0 ~~o~o, ./":

-1.7

-5. 0 

--

600 800 1000 1200 1400 1600 1800 200 22C0

record number

Fiiure 3.173



Travel time dffference, floats 2 and _ 580621second order i , coef'clents ore, 5
I I I I I I

240.0

216.0

192.0

U
CU
20 168.0

144.0

120.0

I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 2 and 6

4.0 { I

2.7A

iV
~-0.0A.

-2.7

60 800 1000 1200 1400 1600 1800 200 2 20

record number

F1i -zure 1. 17 4



Travel time dfference, floats 2 and 7. JuIV 1989 _rd a
second order tit, cod on .009 -11.83Y 2 8 and 79.21877

I I I I I I

-33.0

-66.0
U
Q)

-99.0

-132.0

-165.0

I I I I I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Trovet time difference minus second order fit, floats 2 and 7

4,0 -

2.7 2-

1.3 l
I I"

a-0.0 *" '

V ,-

-2.7

-4.0 I
600 800 1000 1200 1400 1600 1800 2000 220 0

record number

Fiuure 3. 175



TroveI, time difference floats 2 and J1 089M.and a
second order fit, coefhtclents ore, -@ 0941( 2.8U 0 and 107.27597

530.0

424.0

371.0

318.0

265.0

• I I i I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 2 and 8

4.0 I I I

2.7

1.3 -1..3 -:... "

1:./ .l:'

-2.7

-4.0 I I I
600 800 1000 1200 1400 1600 1800 2000 2200

record nunber

Figure 3.176



Travel time diference flasIan .Jl d98 gda 292
second order fit co cients are. -0'04k6 -b lan 3.212

I I If

-18.0

-36.0

L 54. 0a)

-72.0

-90.0

-108.0

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, Floats 3 and 4

2.5 I

t.7

0.8

00 800 1000 1200 100 1600 180 2000 220a

reor00ime

Figure 3. 177



Travel time difference floots 3 and 5a -22.°48524sncand order it, coeffcients ore. 0. 02 and -22.48524

-136.0 I I I I I I

-170.0

-204.0

d
~-233. 0

-272.0

-306.0

II I I III

600 800 1000 1200 1400 1600 1800 2000 2200

record nunber

Travel time difference minus second order fit, floats 3 and 5

I I I I -1
3.5

2.3

A

1.2
0.0 - A . : . j..

-1.2

-2.3

600 800 1000 1200 1400 1600 1800 2000 2200

record nunber

Figure 3. 178



Travel time d'fferenc- floats 23 and- C""99 M a
second order ut;cofricients are. 8:i0466Y -32f.8131i and -232.02466

-200.0

-300. 0

-400.0

a- 500.0

-600.0

-700.0{

-800.0
600 800 1000 1200 1400 1600 1800 2000 2200

record runber

Travel timie difference minus second order f it, floats 3 and 6

301

-1.5 4-

600 1300 1000 i 200 1400 1600 1800 2Q 220a

record nLlnber

FUZire ,. 179



Trae im d~recefclents are,-6. 'second oder fitroe floats 3 and . * ,nd -16.81482
I I i i

-314.0

-471.0

-628.0

U

u-785.0

-942.0

-1099.0

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Trovel time difference minus second order fit, floats 3 ond 7

4 .I i i

2.7

1.3 "

S-0.0

-1.3 fr"

-2.7

-4.0 I I
600 800 1000 1200 1400 1600 1.800 2000 22eO

record nunber

Figure 3. 180



rrvel time dfference, fa a
secona order 1t 2 8clents ond 35. 45761

I I I I ] I

-140.0

-210.0

g280.0

-350.0

-420.0

-490.0
I I I I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record nuimber

Travel time difference minus second order fit, floats 3 and 8

3.0

1.5

i°

-1.5 .

3.0

-4.5 ________________________ _

600 800 1000 1200 1400 1600 1800 2000 2200

record numiber

Figuire 3.181



Trove time diflerence floats 4 ando5 1 1989 d a
secona order coeffcients ore, -na -74.41269

I I I

-144.0

-162.0

-180.0
u1
G

-198.0

-216.0

-234.0
I I I I II

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 4 and 5

1.7

-0.8 0.0:

11 I

-1.7

-2.5

600 800 1000 1200 1400 1600 1800 2000 2200
record rumber

Figure 3.182



Trovel time dfference, floats 4 and 6, iuIV 2 cid a
second order lit, coefficients ore, (no e)u5 and -64.93631

I I I

-248.0

-310.0

.-372.0
UCU

-434.0

-496.0

-558.0
II I II

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, f loats 4 and 6

1.7

0.8 4 ?... '-. .3

-1.7

0.0 v.: .\ / !::

,...

-0.6 !

-1.7 i

-2.5
-25I I I I I ,

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Figure 3.183



Trovel time difference f loots 4 and 7, Ju.) and asecano arder jit, coefhclents area (none) and -51.37494
I I I I I II

-321.0

-428.0

-535.0

a)
OG-642.0

-749.0

-856.0

tI I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 4 and 7

3.5

2.3

1.2

-1.2 :'

-2.3
-2.3 - t I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Figure 3. 184



Travel time d[[[erence floats 4 and c 1u- 4

secionder coeflicients are. 8'66 - M . n a 1.94
I I I I I I

-111.0

-148.0

-185.0

6
a)(n
{n 222.G

-259.0

-296.0

I I I I I I

600 800 1000 1200 1400 1600 1800 2000 2200
record number

Travel time difference minus second order fit, floats 4 and 3

I I I I {
5.0

3.3

1.7"

ai'
0.0 Av

-1.7 -

-3.3

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Fizure 3.185



Travel time difference floats 5 and 5, J.2iou 1989

secad order fit, coeffcients are, -. . ond-5,83221
SI I I I

-96.0

-128.0

-160.0

F 192.0

-224.0

-256.0

I I I I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 5 and 6

1.7

0.8 A

0.0 .-.. I
-0.8

-1.7 V *j

-2.5
('III I I I

600 800 1000 1200 1400 1600 1800 2000 2203

record number

Figure 3.186



Travel time difference aloats
second order it, coef'cients are,n d 0. 139 a12/ nd 20.22412

I I I I I I

-216.0

-288.0

-360.0

-432.0

-504.0

-576.0
I I I I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 5 and 7

2.5

1.7 .J:
£

a.. a~

w .: " :: : A

-0.8 ~ :.

0.8

08.0

-1.7

600 800 100 1.200 1400 1600 1800 2000 2200

record number

Figure 3.187



Travel time df erence, floats 5 and .18056/_]8. doa 69.97832

second order itA coeflcients ore, -0. and 69.697832

26.0

13.0

0.0

-13.0

-26.0

-39.0
I I I

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floats 5 and 8

2.5 i I I I
2.5

1.7

0.8

-1.7
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Travel time dIfference floats 6 and 7. J V 10,0do

second order fit; coeflicients are, 0.05221 - 1.317 ad 26.96481

-114.0

-171.0

-228.0
d
(U

- 285.0

-342.0

-399.0

600 800 1000 1200 1400 1600 1800 2000 2200

record number

Travel time difference minus second order fit, floots 6 and 7

1.7

.0- :8" :. -! A

w

-0.8

IVI

-1.7..."

-2.5

600 800 1000 1200 1400 1600 1800 2000 220
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Results of the Kolman and Least Squares Filters, Jul V 1989 Experiment
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Flat 0 depth estimates. Kalman Filiur. July 1989
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Float 3 depth etlimates, Kalman Fl1ter, July 1989

1650 i I I

1660

1670

1690

1700 I 
1000 1200 1400 1600 1800 2000 2200

measurement number

Float 4 depth estimates. Kolmon Filte, July 1989

2060I I

2070

2080

2100

2110
1000 1200 1400 1600 1800 2000 2200

measurem nt number

Float 5 depth estimates. Kalman Filter. July 1989

2480

2490I

2500

A- 2510

1000 120e 1400 1600 1800 2000 2200

measuement number

Figure 5.7



Flocrt 6 depth owtlmotmu. Kalmon Filte-, July 1989
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Float 0 speed estfmates, Kalmon FILter. July 1989
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Float 3 spend estimates. Kolman Fiter. July 1989
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Float 6 speed estima*.u. Kolmon FILter. July 1989
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